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The	English	West	Country	 is	 the	home	of	cider	making,	providing	 the	 region	with	
jobs	and	industry,	as	well	as	cultural	reference	points	such	as	Laurie	Lee's	Cider with 
Rosie.	Many	important	cider	apple	varieties	were	developed	at	Long	Ashton	Research	









•	 For	 rapid,	 cost	 effective	 and	 accurate	 genotyping,	 we	 used	 the	 recently	  
developed,	medium	 density,	 single	 nucleotide	 polymorphism‐based	 genotyping	
procedure,	SEQSNP®,	to	characterize	the	cultivars.
•	 We	generated	a	medium	density	(1,500	markers),	whole	genome	genotype	for	245	
apple	cultivars	 that	allowed	us	 to	determine	 the	 relationship	between	cultivars	
and,	in	so	doing,	rediscover	the	parentage	of	‘The	Girls’.
•	 We	show	that	SNP	genotyping	is	an	efficient	tool	for	the	analysis	of	genetic	di-
versity	 in	cider	apples	and	apples	 in	general,	 and	 that	 the	cider	apple	breeding	
programme	carried	out	at	Long	Ashton	Research	Station	made,	and	continues	to	
make,	a	unique	contribution	to	UK	cider	production.
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Many	 regions	 of	 the	 UK	 have	 their	 own,	 locally	 adapted	 apple	











became	 the	Ministry	 of	 Agriculture	 funded	 Long	 Ashton	 Research	






clonal	variation	using	Cobalt	60	 irradiation;	 this	work	 led	to	the	de-
velopment	of	the	widely	grown	Bramley	Clone	20	and	the	self‐fertile	
Cox's	Orange	Pippin	(Anderson,	Lenton,	&	Shewry,	2003).
Although	 the	 threat	 of	 closure	 was	 ever	 present	 during	 the	
1970s	 and	 '80s,	 work	 on	 cider	 apples	 continued.	 This	 work	was	
partly	 sponsored	by	 the	Bulmers,	Taunton,	 and	Showerings	 cider	
companies	 whose	 factories	 were	 experiencing	 fruit	 processing	











ing	 project	 and	 so	 collectively	 the	 lines	 became	 known	 as	 ‘The	


















have	 collected	 numerous	 samples	 and	 characterized	 them	using	 a	





2  | MATERIAL S AND METHODS
2.1 | Collection of plant material
A	total	of	245	apple	cultivars	were	collected;	principally,	 these	came	












To	 test	 the	 ability	 of	 the	 SEQSNP®	 genotyping	 to	 aid	 in	 the	
identification	of	unknown	samples,	leaves	were	collected	from	eight	
apple	trees	of	unknown	identity;	no	attempt	to	 identify	these	cul-
tivars	 was	made	 prior	 to	 genotyping.	 In	 addition,	 a	 small	 number	





tions,	 three	 leaf	 discs	 from	 a	 single	 young	 leaf	were	 sampled	 and	
placed	in	a	96‐well	plate.	These	samples	were	sent	to	LGC	for	DNA	
extraction	and	SEQSNP®	analysis.








on	 the	Golden	Delicious	 (Valesco	 et	 al.,	 2010),	 Renetta	Grigia	 di	
Torriana	 (Falginella	 et	 al.,	 2015),	 Fuji	 (Kunihisa	 et	 al.,	 2016)	 and	
Pinova	 (Di	Pierro	et	 al.,	 2016)	maps.	 For	SEQSNP®	design,	 addi-
tional	 flanking	 sequence	of	 100	bases	 either	 side	 of	 each	Axiom	
SNP	were	obtained	by	cross	 referencing	 the	Malus domestica	 se-
quences	 (downloaded	 from	 https	://www.rosac	eae.org/speci	es/
malus/	malus_x_domes	tica/genome_v3.0.a1).	Where	this	additional	
sequence	was	unavailable,	SNPs	were	discarded.	Finally,	multiple	
SNPs	within	 a	Malus	 v3.0.a1	 contig	were	 discarded	 if	 they	were	
located	less	than	100	bases	from	one	already	selected.	SNPs	were	
chosen	to	be	evenly	distributed	across	the	genome	by	selecting	an	










DNA	was	 extracted	 from	 leaf	 tissue	 by	 LGC	 using	 their	 propri-
etary	extraction	method,	 sbeadex™.	Genotyping	was	performed	
according	 to	 the	 SEQSNP®	 protocol	 by	 LGC	 (SEQSNP®	 guid-
ance	notes,	 LGC	web	 site).	 The	number	of	 reads	was	 calculated	
for	 each	 probe	 and	 cultivar	 after	 adaptor	 and	 quality	 trimming.	










was	 imported	 into	 the	 R	 statistical	 software	 package	 version	 3.3.1	
(R	Core	Team,	2013);	multi‐dimensional	scaling	was	performed	using	
‘cmdscale’	with	K	=	5,	and	the	first	coordinate	plotted	against	the	other	
four;	dendrograms	were	created	using	 the	 ‘hclust’	 function;	plotting	
was	performed	using	the	‘as.pyhlo’	function	of	the	ape	library.






2.6 | Calculation of heterozygosity levels










compare	variance	of	 the	diploid	and	 triploids	 samples	and	a	 t	 test	
was	performed	to	compare	the	means.
2.7 | Calculating a minimum number of SNPs 
required to identify a specific cultivar
To	identify	a	minimal	set	of	SNP	markers	capable	of	differentiating	









criteria	of	being	 robust,	poly	high	 resolution	and	mapping	 to	con-
cordant	linkage	groups	in	the	four	available	genetic	maps	(Di	Pierro	
et	 al.,	 2016;	 Falginella	 et	 al.,	 2015;	 Kunihisa	 et	 al.,	 2016;	 Valesco	
et	 al.,	 2010).	 From	 these	 54,202	 SNPs,	we	 selected	 1,700	 highly	
polymorphic	markers	evenly	distributed	across	the	genome.	These	
1,700	 SNPs	were	 processed	 using	 LGC’s	 SNP	pipeline	 to	 identify	
1,500	suitable	for	the	SEQSNP®	genotyping	platform	(Dataset	S2).
3.2 | Sequence coverage and genotype accuracy
In	total,	245	cultivars	(169	as	single	samples	and	76	with	replicates—380	
samples	 in	 total)	were	 genotyped	using	 the	 SEQSNP®	protocol.	 This	
generated	 104,207,906	 75‐base	 pair	 sequences	 resulting	 in	 570,000	
genotype	 calls	 distributed	 across	 the	 1,500	 probes	 (Dataset	 S2).	 The	

























Willy;	Cluster	5,	with	52	samples,	was	 interesting	 in	that	 it	contained	
most	of	the	known	triploid	cultivars	such	as	Bramley,	Ashmead	Kernel,	
Morgan	 Sweet	 and	Tom	Putt;	 Cluster	 6,	with	 57	 samples,	 contained	
James	Grieve	(one	of	the	two	potential	male	parents	to	‘The	Girls’)	and	
the	 ‘Girls’	Amanda,	Betty,	Debbie,	Joanna,	Lizzy,	Margaret	and	Prince	
William;	 Cluster	 7,	 a	 group	 of	 eleven	 samples,	 contained	 Redstreak;	
Cluster	8,	the	smallest	group	with	only	6	samples,	contained	the	Malus 













ter	 were	 Ashton	 Bitter,	 Blenheim	Orange,	 Broxwood	 Foxwhelp,	









































3.4 | Parents of the ‘Girls’
The	genotyping	data	allowed	us	to	infer	which	two	of	the	four	cultivars	






the	 male	 parent,	 James	 Grieve,	 the	 other	 between	 the	 females	 and	





lines,	 is	much	 less	distinct	 from	the	other	cultivars	 in	the	study.	Each	
of	 these	 two	 groups	 splits	 into	 two	 further	 groups	when	 coordinate	



















similar	 to	Dabinett	 and	Worcester	 Pearmain.	 Strangely,	 Early	Bird	
is	most	 similar	 to	 the	 two	 female	 parents,	Dabinett	 and	Michelin,	
which	were	not	 reported	 to	have	been	crossed.	The	genotypes	of	
F I G U R E  2  Principal	coordinate	plot	of	all	samples.	(a)	Plot	showing	coordinate	1	versus	coordinate	2.	(b)	Principle	coordinate	1	versus	
coordinate	4;	‘The	Girls’	essentially	fall	into	four	clear	groups.	In	each	plot,	the	lines	from	the	LARS’	breeding	programme	that	produced	‘The	
‘Girls’	are	highlighted	in	green;	the	four	possible	parents	are	highlighted	by	large	triangles	of	different	colors





3.5 | Using genotyping to identify 
unknown cultivars
As	part	of	our	study,	we	included	eighteen	samples	of	unknown	or	
unconfirmed	 identity	 (Dataset	 S1,	 ‘Unknown Samples’).	 Of	 these,	
based	on	their	position	in	the	dendrogram,	we	were	able	to	suggest	




























































































J. Grieve W. P. Michelin(a) (b)
Angela 0.654 0.667 0.483 0.555
Connie (G) 0.652 0.667 0.501 0.572
Eleni (T) 0.667 0.671 0.495 0.551
Fiona 0.635 0.690 0.516 0.539
Gilly 0.689 0.654 0.527 0.560
Hasngs 0.675 0.653 0.492 0.549
Helen's Apple 0.660 0.642 0.500 0.559
Jane 0.670 0.666 0.488 0.551
Jean 0.661 0.680 0.537 0.550
Naomi 0.645 0.690 0.538 0.577
Nicky (St.M) 0.636 0.670 0.513 0.559
Sally 0.633 0.676 0.485 0.537
Three Counes 0.661 0.641 0.517 0.554
Tina 0.688 0.637 0.515 0.549
Tracey 0.653 0.656 0.524 0.549
Vicky 0.653 0.641 0.510 0.566
Willy 0.652 0.667 0.501 0.571
Hannah 0.671 0.476 0.666 0.535
Jenny 0.643 0.519 0.688 0.565
Nicky (T) 0.670 0.478 0.666 0.533
Amanda 0.540 0.687 0.505 0.655
Amelia (St.M) 0.537 0.667 0.509 0.642
Bey 0.559 0.669 0.481 0.651
Debbie 0.509 0.659 0.482 0.638
Eleni (St.M) 0.566 0.679 0.512 0.664
Joanna 0.576 0.651 0.503 0.657
Lizzy 0.542 0.640 0.481 0.648
Margaret 0.509 0.675 0.475 0.648
Prince William 0.527 0.651 0.467 0.638
Amelia (T) 0.607 0.504 0.503 0.525
Connie (T) 0.579 0.519 0.501 0.652
Early Bird 0.580 0.509 0.520 0.671
High Low
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collectively	known	as	‘The	Girls’.	We	chose	to	use	SNP	markers	rather	
than	the	more	commonly	used	12	microsatellites	for	two	main	rea-
sons:	 (a)	 although	 the	 apple	microsatellites	 are	 highly	 polymorphic	



















tive	SNPs	 into	 individual	Kompetitive	Allele	Specific	Primer	 (KASP)	
markers	(LGC	Genomics).	For	instance,	examination	of	the	SNPs	used	
in	this	study	suggested	that,	when	used	together,	just	thirty‐one	SNPs	
converted	 to	KASP	markers	would	 be	 capable	 of	 distinguishing	 all	
the	cultivars	examined	here	(Dataset	S1,	‘Minimum Marker Set’).	The	
requirement	 for	 such	a	 small	 number	of	SNP‐based	KASP	markers	




4.1 | Accuracy of SNP‐based genotyping compared 
to the written record
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trees	in	both	retail	and	wholesale	nurseries	can	be	significant,	pre-






the	need	 for	 this	 study	and	 for	 centralized	and	well‐characterized	
collections	such	as	the	National	Fruit	Collection,	Brogdale	(https	://
www.brogd	aleco	llect	ions.org/).
4.2 | The ability of SEQSNP® to discriminate 
between triploid and diploid cultivars
As	both	diploid	and	triploid	cultivars	are	commonly	grown,	and	both	
have	 been	 associated	 with	 LARS,	 we	 were	 interested	 in	 determin-
ing	 how	 well	 the	 SEQSNP®	 genotyping	 platform	 would	 perform	
with	 cultivars	 of	 differing	 ploidy.	 Larsen	 et	 al.	 (2018)	 reported	 that	
triploid	cultivars	have	a	higher	 level	of	heterozygosity	than	diploids.	
Our	SNP	data	clearly	support	this	finding.	That	is,	mean	heterozygo-







Gennet	Moyle,	a	cultivar	 reported	 to	be	 triploid,	had	 low	heterozy-
gosity	(0.3421	and	0.3472).	In	addition,	whereas	most	of	the	known	
triploids	fell	within	Cluster	5	on	the	dendrogram	(Figure	1;	Figure	S1),	











Contrary	 to	 this,	 samples	 from	 13	 cultivars	 not	 previously	 re-
ported	to	be	triploids	had	high	heterozygosity	and	were	outliers	on	
the	 box	 and	whiskers	 plot	 (Figure	 4).	 These	 samples	 also	 fell	 into	












the	Dorset	cider	apple,	Marnhull	Mill,	 all	of	which	had	 low	 levels	of	








4.3 | What does genotyping tell us about Long 








Clearly,	 the	 most	 successful	 crosses	 were	 those	 involving	
Dabinett	 x	 James	 Grieve	 and	Michelin	 x	 James	 Grieve	 since	 all	
but	three	of	 ‘The	Girls’	 (Hannah,	Jenny	and	Early	Bird)	appear	to	
be	derived	 from	 these	 two	crosses.	Hannah	and	Jenny	are	most	
probably	derived	from	the	cross	between	Dabinett	and	Worcester	









We	 have	 shown	 that	 the	 SNP‐based	 genotyping	 platform	
SEQSNP®	is	a	useful	tool	to	identify	apple	cultivars.	Due	to	the	
high	 level	 of	 heterozygosity	 in	 apple,	we	were	 able	 to	 discrimi-
nate	between	all	cultivars	sampled	except	those	derived	as	sports	
from	other	named	cultivars.	What	 is	more,	due	 to	 the	accuracy	
of	the	procedure,	replicate	samples	clustered	making	 it	possible	





provide	 a	 cheaper,	 more	 cost‐effective	 and	 readily	 automated	
tool	 for	 the	 fingerprinting	of	apple	cultivars	 than	 that	presently	














Nursery,	 Field	 Farm	Nursery,	 Shepton	Mallet	Nursery	 and	 Linden	 Lea	
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